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Abstract 
In this paper we want to analyse the behaviour of spatial shell structures subject to multi-physics actions. Other than 
the normal operating loads we analysed the accidental effects generated by a thermal gradient simulating the effects 
of a fire load, and also the effects generated by a pressure wave simulating an explosion. The problem was first 
analysed in its theoretical form, then a numerical model was developed and implemented through a finite element 
analysis. This modelling and simulation allows detecting a real scenario, e. g. railway tunnels with reinforced 
concrete structure that, as a result of accident, is subject to a scenario generated by fire and subsequently to explosion. 
In particular, the first stage of analysis involved aspects of thermal analysis and after the structural problem was 
tackled analysing the tensions in the structure generated by the effect of temperature-pressure generated by the fire 
and by the instantaneous pressure wave generated by the blast. 
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1. Introduction 
The tunnel and underground structures are widely used in civil engineering; thus, the possibility of 
explosions in tunnel caused by terrorist attack or fire accidents is also increasing with the development of 
subway and underground structures. Consequently, the analysis of blast wave propagation inside tunnel 
has great significance. The major risks are associated with the transportation of hazardous materials like 
LPG. Some of the accidents occurred in the last years showed that losses from this kind of transportation 
can be very high and events like the accident in a tunnel along the Palermo-Punta Raisi motorway (Italy) 
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[1] or in the San Fernando (California) tunnel [2] demonstrated the importance of the simulation of the 
BLEVE (boiling liquid expanding vapor explosion) in a confined environment. 
When there is an explosion in a tunnel a blast wave reflects repeatedly because of the limit of the walls. 
The tunnel close-in effect makes the overpressure of tunnel blast waves increase and the continuance time 
of the blast wave longer [3]. The law of the blast transmitting in the tunnel is different from that in the air. 
In the past decades, a lot of experiments and simulations were conducted to study the effects of explosive 
charges detonation in underground ammunition storage chambers and access tunnels [4, 5]. Nevertheless, 
propagation and decaying of nonreactive blast-waves in simple geometry structures, such as tunnels, tubes 
or plates assemblies, is still object of investigation. 
In this work explicit three-dimensional Finite Element method was used to investigate the dynamic 
response and damage of tunnel structures under internal blast loading. The study was motivated by the 
fact that explosion in an underground structure may not only cause direct life loss, but also damage the 
structure and lead to further loss of lives and properties. In the United States, the importance of this issue 
was addressed by the Blue Ribbon Panel on Bridge and Tunnel Security in their report [6, 7], but the 
methods to evaluate the structure integrity of existing subways and tunnels and the guidelines to design 
new underground structures taking into account the internal blast loading still need to be developed. Only 
with such methods can the most important factors influencing the dynamic response and damage of 
structure be identified and appropriate preventive measures be designated. Only limited related study can 
be found in the literature. Chille et al. [8] investigated the dynamic response of underground electric plant 
subject to internal explosive loading using three-dimensional numerical method. For traffic tunnels, Choi 
et al. [9] used three-dimensional Finite Element method to study the blast pressure and resulted 
deformation in concrete lining. Lu et al [10] and Gui and Chien [11], using Finite Element method, looked 
into the blast-resistance of tunnels in soft soil subject to external explosive loadings.  
2. Theoretical thermo-elasticity background 
According Baldacci [12], Carlson [13] the thermo-elasticity represents a typical case of inelasticity, or 
manifestation of materials behaviour outside the elastic response. Assuming that the deformation of the 
solid depends on the tension and on the temperature gradient, we can observe, in the isotropic case, that 
the temperature ; variation, from an initial value ;°, implies a variation of only components of 
deformation: 
 
H Tij = Gij D TH  (1) 
where D is the coefficient of thermal expansion, and the superscript T in Hij represents the exclusive 
dependence on temperature. Remembering the inverse of the constitutive equation in isotropic elastic 
case, in the Lamè form: 
 
Hij = 1/2P[Vij  Gij (O6iVii / OP)]  (2)
it follows that the actual state of deformation is given by the additive composition: 
 
Hij = HTij + HEij =  Gij DT+1/2P[ Vij  Gij (O6iVii / OP)] (3)
the relative components of tension will take the form: 
 
Vij = PHij + Gij (OIE  DT T)  (4)
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where DT = (PO)D. The equations (3) e (4) are determined by simple decomposition of the deformation 
in elastic and thermal part. Other relations are obtained considering the relaxation of temperature 
fluctuations in the solid that are due to the influence of deformation on the temperature. We define U(T, 
Eij) the internal energy and S(T, Hij) the entropy of the solid, both related  to the volume unit. Assuming 
T* = T ° + T, from the thermodynamics we have: 
 
dU  T*dS = Vij dEij  (5)
deriving respect to variables T*, Hij  and simplifying the variation of entropy for the solid is obtained: 
 
dS = (cv /T°) dT DT DIE  (6)
Equation (6) is a relation for the temperature but, for completeness of the problem, we must introduce a 
further relation for T. It is: 
 
qi = kTT  (7)
Fourier law for heat conduction, where qi are the components of the heat flux vector and kT the 
coefficient of thermal conductivity. Considering the entropy S: 
 
qi,i  = T ° dS /dt  (8)
The Fourier equation becomes: 
 
T ° dS = kT ´ Tdt  (9) 
assuming FT = DT T ° and comparing with the (6), we have: 
 
kT ´ T = cv T xFT IEx  (10) 
the equations (6) and (10) allow the complete formulation for the analysis of thermo-elasticity problems in 
the case of interaction between temperature gradients and elastic strain fields. The (10) is called Duhamel 
relation and the derivatives are interpreted in the time. In the case of heat supplied by external source we 
can neglect the last term of the second member; instead it must be considered when the temperature 
variation is due to solid deformation. In 2-dimensional case the equations governing the problem become: 
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From the hypothesis of plane state we have the condition: 
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Recalling that in the elastic case the temperature distribution is mainly due to the heat supplied by 
external sources, will be possible its determination with sufficient accuracy applying the law of heat 
conduction: 
 
t
TCTk VT w
w    (16)
remembering the indefinite equations of elastic equilibrium, with the mass forces equal zero, we have: 
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comparing with: 
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we can assert that a temperature variation can be compared to volume forces F (f 1, f 2) such that: 
 
  TffdivF 

  
X
XP
1
12
2,21,1   (19)
From the classical theory, for the solution of 2-D systems, introducing the Airy function  1 2,x x< , it 
follows that the equilibrium equations are identically satisfied if the tension components resulted from the 
tensions function. Consequently equation (18) may be written in terms of the Airy function: 
 
 
  T
 < D
X
XP
1
122   (20)
So, once found the temperature distribution by the (16) and defined the stress function < , the plan 
thermoplastic problem is reduced to the determination of the tension function in the corresponding elastic 
boundary problem.  
4. Structural analysis under thermal stress and shock waves 
A fundamental aspect in the study of fire resistance in underground structures is the definition 
beforehand of the fire scenario taken in the analysis, therefore choosing the best fit standard curve. 
In the studied case, considering a hydrocarbon fire with consequent explosion, the standard fire curve 
ISO834 [14] can be substituted with the following curve: 
 
Tg = T0 + 1080·(1 – 0,325·e-0,167·t – 0,675·e-2,5·t)  (22)
It is possible to observe how the considered curve (22) initially shows a rapid increment reaching 
1014°C (the ISO 834 curve, in the same time interval, arrives at 576 °C), after it continues to raise 
reaching 1080 °C in 60 minutes then it remains almost constant. Now this paper proposes the finite 
element analysis of the behavior of a shell structure representing a railway tunnel. 
The structure is subject to the vertical load of 10 meters of above-ground soil and this load represents 
the starting state of stress. At this load we have to add the tensional stress caused by the fire scenario and 
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the explosion over-pressure. The geometrical model of the railway tunnel is illustrated in the following 
Fig. 1. The 3-Dimensional model is representative of a tunnel section 25 meters long. 
 
   
Fig. 1. Railway section and tunnel model 
This model was implemented by quadratic hexahedral type elements obtaining 22820 elements and 
106173 nodes. Drucker-Prager elasto-plastic model was used to model the soil, the unit weight of which 
was 18.9 kN/m3. The FE analysis considered the blast phenomena in the tunnel originating from an 
instantaneous release of 50m3 LPG rail tanker at 326° K. Fig. 2 shows the temperature distribution at the 
explosion instant. 
 
 
Fig. 2. Tunnel temperature distribution 
To calculate the decay of blast overpressure during the propagation the Energy Concentration Factor 
(ECF) method was used [15]. This decay in overpressure is solely through the intense energy dissipation 
in the strong leading shock of the blast wave. The pressure-time curve was assumed to be of triangular 
shape, the duration of which was obtained from the CONWEB reflected pressure diagram [16].  
Fig. 3 shows the deformation and the equivalent Mises stress distribution at the explosion instant. 
 
a)   b) 
Fig. 3. a) Tunnel deformation; b) Mises stress distribution at explosion instant 
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5. Conclutions 
This paper presents a study on the blast effects from an explosion in a railway tunnel. The study, based 
on theoretical considerations, analyses the blast effects from the rupture of a 50 m3 LPG pressure vessel 
in a tunnel system have been computed by numerical simulation.  
The proposed approach can be applied to study preventive measures to protect existing subway and 
tunnel structures, at least the most important or most vulnerable sections, from collapse under internal 
blast loading; such internal blast loading should also be properly taken into consideration in the design of 
new structures. 
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